Nakao A, Faleo G, Nalesnik MA, Seda-Neto J, Kohmoto J, Murase N. Low-dose carbon monoxide inhibits progressive chronic allograft nephropathy and restores renal allograft function. Am J Physiol Renal Physiol 297: F19 -F26, 2009. First published April 15, 2009 doi:10.1152/ajprenal.90728.2008.-Chronic allograft nephropathy (CAN) represents progressive deterioration of renal allograft function with fibroinflammatory changes. CAN, recently reclassified as interstitial fibrosis (IF) and tubular atrophy (TA) with no known specific etiology, is a major cause of late renal allograft loss and remains a significant deleterious factor of successful renal transplantation. Carbon monoxide (CO), an effector byproduct of heme oxygenase pathway, is known to have potent anti-inflammatory and antifibrotic functions. We hypothesized that inhaled CO would inhibit fibroinflammatory process of CAN and restore renal allograft function, even when the treatment was initiated after CAN was established. Lewis rat kidney grafts were orthotopically transplanted into binephrectomized allogenic Brown Norway rats under brief tacrolimus (0.5 mg/kg im, days 0 -6). At day 60, CO (20 ppm) inhalation was initiated to recipients and continued until day 150 or animal death. Development of CAN was confirmed at day 60 with decreased creatinine clearance (CCr), significant proteinuria, and histopathological findings of TA, IF, and intimal arteritis. Air-treated control recipients continued to deteriorate with further declines of CCr and increases of urinary protein excretion and died with a median survival of 82 days. In contrast, progression of CAN was decelerated when recipients received CO on days 60 -150, showing markedly improved graft histopathology, restored renal function, and improved recipient survival to a median of Ͼ150 days. CO significantly reduced intragraft mRNA levels for IFN-␥ and TNF-␣ at day 90. Expression of profibrotic TGF-␤/Smad was significantly suppressed with CO, together with downregulation of ERK-MAPK pathways. Continuous CO (20 ppm) treatment for days 0 -30, days 30 -60, or days 0 -90, or daily 1-h CO (250 ppm) treatment for days 0 -90, also showed efficacy in inhibiting CAN. The study demonstrates that CO is able to inhibit progression of fibroinflammatory process of CAN, restore renal allograft function, and improve survival even when the treatment is started after CAN is diagnosed. kidney transplantation; renal fibrosis; anti-inflammatory effects; antifibrotic effects ALTHOUGH THE FREQUENCY and severity of acute rejection episodes have been significantly improved, the half-life of renal allografts has stayed unchanged for over a decade (2, 31). There is a gradual loss of ϳ5% renal allografts per year, resulting in 5-and 10-yr graft survival rates of ϳ70 and 50%, respectively (7). The most common clinical correlate of late allograft loss is referred to nonspecifically as chronic allograft nephropathy (CAN), and more than 40% of kidney allograft recipients suffer from CAN during 5 yr after transplantation (3, 7). CAN is characterized by progressive renal allograft dysfunction with histopathological features of chronic interstitial fibrosis (IF), tubular atrophy (TA), vascular occlusive changes, and glomerulosclerosis. Thus, CAN is a clinicopathological classification caused by multiple factors, including alloantigendependent immune responses, as well as nonimmunological factors, such as ischemia-reperfusion (I/R) injury, calcineurin inhibitor nephrotoxicity, metabolic and cardiovascular disorders, and exacerbating preexisting donor disease (10, 22, 28) . This has led the Banff group (26) to recommend eliminating the term CAN in those cases with no known etiology in favor of "interstitial fibrosis and tubular atrophy with no known specific cause" (IF/TA). However, since the term CAN is presently entrenched in the literature, it will be used as a synonym for IF/TA in its descriptive, generic sense in this report and is not meant to imply any specific etiology. There have been a number of approaches aiming at reducing the impact of CAN; however, no practical therapeutic strategies are currently available to prevent and treat CAN.
ALTHOUGH THE FREQUENCY and severity of acute rejection episodes have been significantly improved, the half-life of renal allografts has stayed unchanged for over a decade (2, 31) . There is a gradual loss of ϳ5% renal allografts per year, resulting in 5-and 10-yr graft survival rates of ϳ70 and 50%, respectively (7) . The most common clinical correlate of late allograft loss is referred to nonspecifically as chronic allograft nephropathy (CAN), and more than 40% of kidney allograft recipients suffer from CAN during 5 yr after transplantation (3, 7) . CAN is characterized by progressive renal allograft dysfunction with histopathological features of chronic interstitial fibrosis (IF), tubular atrophy (TA), vascular occlusive changes, and glomerulosclerosis. Thus, CAN is a clinicopathological classification caused by multiple factors, including alloantigendependent immune responses, as well as nonimmunological factors, such as ischemia-reperfusion (I/R) injury, calcineurin inhibitor nephrotoxicity, metabolic and cardiovascular disorders, and exacerbating preexisting donor disease (10, 22, 28) . This has led the Banff group (26) to recommend eliminating the term CAN in those cases with no known etiology in favor of "interstitial fibrosis and tubular atrophy with no known specific cause" (IF/TA). However, since the term CAN is presently entrenched in the literature, it will be used as a synonym for IF/TA in its descriptive, generic sense in this report and is not meant to imply any specific etiology. There have been a number of approaches aiming at reducing the impact of CAN; however, no practical therapeutic strategies are currently available to prevent and treat CAN.
Recent studies showed that endogenously generated carbon monoxide (CO) by heme oxygenase (HO) system serves as a key mechanism to maintain the integrity of the physiological function of organs (15, 30) . Numerous reports subsequently show that exogenously delivered CO provides cytoprotection in various injury conditions. These observations strongly indicate that CO is a biologically active gaseous molecule in the body (16) . Earlier study in our laboratory demonstrated that treatment of kidney allograft recipients with inhaled low-dose CO (20 ppm) for the first 30 days of kidney transplant (KTx) effectively prevented CAN development by 1) inhibiting recruitment of inflammatory infiltrates, 2) downregulating proinflammatory mediators, cytokines, and chemokines, 3) promoting vasodilation and maintaining cortical blood flow, 4) preventing tissue fibrosis, and 5) regulating T cell alloreactivity (21) .
Considering potent cytoprotective functions of CO observed in our previous study, we hypothesized in this study that CO could reverse established CAN and restore allograft function even when CO was given after CAN was developed. To test the hypothesis, rat kidney allograft recipients were kept without treatment for the first 60 days of KTx to develop CAN and then treated with 20 ppm CO. The result shows that low-dose CO is able to reverse CAN and restore renal allograft function through its anti-inflammatory and antifibrosis actions. Inbred male Lewis (LEW, RT1  l ) and Brown Norway  (BN, RT1 n ) rats weighing 200 -250 g were purchased from Harlan Sprague Dawley (Indianapolis, IN). Animals were maintained in laminar flow cages in a specific pathogen-free facility at the University of Pittsburgh and fed a standard diet and water ad libitum. All procedures were performed according to the guidelines of the National Research Council's Guide for the Humane Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh.
MATERIALS AND METHODS

Animals.
Kidney transplantation. Orthotopic KTx was performed using a previously described technique (21) . In short, after intravenous heparinization (300 U), the donor's left kidney was removed with the left renal artery in continuity with a short aortic segment and the left renal vein with a patch of vena cava. The excised graft was flushed with 3 ml of UW solution (Viaspan, Du Pont, Wilmington, DE). The kidney graft was orthotopically transplanted into the recipient by end-to-side microvascular anastomoses between graft aorta and recipient infrarenal abdominal aorta, and between graft renal vein and recipient infrarenal vena cava with 10 -0 suture. Both native kidneys were removed, and end-to-end ureteral anastomosis was performed using 10-0 suture. Recipients received prophylactic antibiotics (Cefotetan Disodium; 100 mg/kg im) for 3 days following KTx.
CO exposure. Compressed 1% CO (Praxair, Danbury, CT) was mixed with air (21% oxygen) in a stainless steel mixing cylinder and then directed into a 3.70-ft 3 glass exposure chamber at a flow rate of 12 l/min. A CO analyzer (Interscan, Chatsworth, CA) was used to continuously maintain the CO level at 20 ppm in the chamber. Animals were exposed to CO (20 ppm) by being housed in a CO chamber with a regular diet and water ad libitum (18, 19) .
Experimental design. In the first set of experiments, BN recipients of LEW allografts were treated with intramuscular tacrolimus (FK506, a gift from Astellas Pharmaceutical, Tokyo, Japan) at a daily dosage of 0.5 mg/kg for 7 days after KTx (days 0 -6). At day 60, a group of recipients was housed in CO chamber for continuous CO (20 ppm) exposure, while air-treated control recipients were housed either in the regular laminar flow cage or in the identical chambers without CO. CO (20 ppm) treatment was continued until the day of death or for 150 days for survival study. LEW recipients with syngenic LEW kidney grafts without immunosuppression served as controls.
Recipients were killed at 60, 90, and 150 days after KTx, and blood and graft kidney samples were obtained. The half of kidney samples was snap-frozen and stored at Ϫ80°C until use. The one-fourth of the kidneys were fixed with 2% paraformaldehyde in PBS, cryoprotected in 2.3 M sucrose in PBS overnight, and frozen in optimal cold temperature (Sakura Finetek, Torrance, CA) with liquid nitrogencooled isopentane. The rest of the graft was fixed in 10% buffered formalin for routine histopathology.
In the second sets of experiments, efficacies of various timings of CO treatment were examined using renal allograft function at day 90 as endpoints. Under short tacrolimus (0.5 mg/kg on days 0 -6), CO was administered to BN recipients of LEW kidney allografts for 90 days continuously Assessment of graft functions. Graft functions were evaluated by creatinine clearance (CCr), urinary protein excretion, and recipient survival. Urine samples were collected for 24 h using the metabolic cage system. The levels of creatinine in serum/urine and urinary protein were measured using an autoanalyzer (Beckman Instruments, Fullerton, CA) (18, 21) .
Routine histopathological analysis. Formalin-fixed graft tissues were paraffin embedded, cut into 5-m sections, and stained with hematoxilin and eosin. Sections were blindly reviewed by a pathologist (MAN) without the knowledge of treatment groups. Severity of histopathological changes in the allograft was graded according to the Banff criteria as IF, TA, mononuclear cell interstitial inflammation, tubulitis, intimal arteritis, and glomerulitis (23) .
Immunohistochemical staining. Formalin-fixed, paraffin-embedded graft tissue was cut into 5-m sections for immunohistochemical staining using the avidin-biotin-peroxidase complex method after antigen retrieval. Endogenous peroxidase activity was quenched using hydrogen peroxide (Sigma, St. Louis, MO). For the detection of macrophage, sections were incubated with monoclonal anti-rat CD68 (ED1, 1:200, Serotec, Raleigh, NC) or ␣-smooth muscle actin (␣-SMA; DAKO, Carpinteria, CA), followed by LSABϩ horseradish peroxidase (DAKO). The immune complex was visualized with 3-amino-9-ethyl carbazole and hematoxylin counterstaining. Positively stained cells were counted in a blind fashion in five random cortical high-power fields (ϫ400) per section.
SYBR green real-time RT-PCR.
The mRNAs for IL-6, IL-10, TNF-␣, IFN-␥, intracellular adhesion molecule (ICAM)-1, monocyte chemoattractant protein (MCP)-1, TGF-␤1, collagen I, and GAPDH were quan-
Fig. 2. Histopathological analyses of allografts at day 90 (d90).
A: isograft day 90 maintained normal renal architecture. Allografts at day 60 (d60), before treatment initiation, showed widespread interstitial infiltrates and tubular atrophy. At day 90, air-treated control grafts showed more prominent histopathological changes with significant parenchymal atrophy and interstitial fibrosis. CO-treated grafts had dramatically reduced cellular infiltrates and fibrosis by day 90. Hematoxylin and eosin, original magnification ϫ200. Intimal arteritis was less severe in CO-treated than in air-treated grafts (insets, original magnification ϫ400). B: histopathological changes at day 90 were quantified using Banff score; n ϭ 9 for isografts, n ϭ 8 for control allografts in air, and n ϭ 5 for CO-treated allografts. *P Ͻ 0.05, air-treated vs. CO. C: immunohistochemistry for ␣-smooth muscle actin (␣-SMA; red) revealed numerous ␣-SMApositive myofibroblasts in air-treated allografts at day 90. CO-treated grafts had dramatically reduced numbers of ␣-SMA-positive cells. Original magnification, top: interstitium ϫ200; bottom: glomeruli ϫ400.
tified in duplicate using SYBR green two-step, real-time RT-PCR, as previously described (17, 18) .
Western blot. Cytosolic protein was isolated from the kidney graft samples, and Western blot was performed as previously described (18, 20, 21) . Fifty micrograms of cytosolic protein were separated by electrophoresis on 8 -15% acrylamide sodium dodecyl sulfate gels and transferred to nitrocellulose membranes (Scleicher & Schuell, Keene, NH). For the blocking of nonspecific binding, 5% nonfat dry milk in PBS-Tween (0.1%) was added to the membrane for 1 h at room temperature. Membranes were washed in PBS-Tween and then incubated overnight with primary antibodies followed by incubation with secondary antibody for 45 min. After repeat washings with PBS-Tween, membranes were developed with the SuperSignal detection systems (Pierce Chemical, Rockford, IL) and exposed to film. The band intensities were quantified by NIH Image analysis software. The following primary antibodies were used: rabbit anti-human polyclonal antibodies for ␤-actin (Sigma), mouse monoclonal phosphorylated and total ERK 1/2 (Santa Cruz Biotechnology, Santa Cruz, CA), and Smad3 (Chemicon International, Temecula, CA).
IFN-␥ protein levels. Serum IFN-␥ levels were measured by ELISA using a commercially available kit (R&D Systems, Minneapolis, MN).
Data analysis. The results were expressed as means Ϯ SD except the data of urinary protein secretion shown as means Ϯ SE. Statistical analysis was performed using unpaired Student's t-test or ANOVA where appropriate. A probability level of P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Development of CAN at day 60 after KTx.
The function of LEW kidney allografts in BN recipients under brief tacrolimus deteriorated with progressive declines of CCr and gradual increases of urinary protein excretion. CCr of allografts decreased to ϳ40% of the pretransplant value by day 60, while isografts maintained normal CCr values (Fig. 1, A and B) . Typical histopathological features of CAN, such as TA, IF, and infiltrates, were seen at day 60 (Fig. 2) . These data confirmed the establishment of CAN by day 60 after KTx in this model.
CO treatment initiated on day 60 prevented CAN progression and restored allograft function. Air-treated control kidney allografts continued to show functional deterioration with a continual CCr decline and striking increase of proteinuria by day 90 of KTx. Recipient animals started to fail after day 70, and all died within the followup period of 150 days (Fig. 1,  A-C) . On the other hand, when CO inhalation (20 ppm) was initiated at day 60, renal allograft function started to show improvement by day 90, and CCr levels and urinary protein amounts were held at the same level until day 150. The restoration of renal allograft function resulted in significant improvement in recipient survival (Fig. 1, A-C) . Isografts maintained renal functions at the comparable levels to those of normal LEW rats for 150 days.
CO improved histopathological changes. At day 90, airtreated control grafts showed prominent interstitial mononuclear cell infiltration, tubulitis, fibrosis, and glomerulitis. On the other hand, CO-treated grafts at day 90 showed less severe changes compared with those of air-treated control grafts. Reduced degrees of intimal arteritis also were seen with CO treatment (Fig. 2, A and B) . To further investigate the degree of IF, the kidney grafts were stained for ␣-SMA. Isografts at day 90 showed scarce interstitial ␣-SMA expression. Strong ␣-SMA expression was noted in both interstitial lesion and glomeruli in the air-treated control allografts. There was no definitive ␣-SMA stain on tubular epithelial cells. In contrast, there was a remarkable reduction of ␣-SMA-positive myofibroblast accumulation in the grafts treated with CO on days 60 -90 (Fig. 2C) .
CO diminished IF by downregulating TGF-␤/Smad/ERK pathway.
Fibrotic response has been characterized by an increased accumulation of extracellular matrix, particularly collagen in the graft interstitial tissue. TGF-␤ has been considered to be a key mediator in the progression of fibrosis by activating fibroblasts for their differentiation into myofibroblasts to produce matrix proteins such as collagen I, III, IV, and fibronectin (11, 29) . Both collagen I and TGF-␤ mRNA were significantly upregulated in air-treated allografts at day 90. CO treatment significantly reduced mRNA levels for these fibrosis-related molecules at day 90 (Fig. 3A) . Isografts showed marginal increases of these mRNA, regardless of CO inhalation.
TGF-␤ exerts its biological functions mainly through its downstream signaling molecules Smad2/3 or Smad-independent signaling pathway by directly activating ERK and p38MAPK (13, 33, 34) . Western blot analysis of kidney allografts at day 90 revealed strong expressions of Smad3 and Fig. 3 . Expression of fibrosis-related molecules. A: real-time RT-PCR of kidney allografts at day 90 showed that both collagen I and TGF-␤ mRNA levels dramatically increased in air-treated control allografts. CO inhalation (20 ppm on days 60 -90) significantly reduced mRNA levels of these molecules (n ϭ 5-6, *P Ͻ 0.05 air-treated vs. CO). B: Western blot of kidney allografts at day 90 revealed strong expressions of Smad3 and phosphorylated (p)-ERK1/2 in air-treated control group. Inhaled CO (20 ppm) remarkably reduced expressions of these molecules. Lewis (LEW, RT1 l ) recipients of Brown Norway (BN, RT1 n ) kidney allografts were treated with CO (20 ppm) on days 60 -90, and kidney grafts were obtained at day 90. Control recipients were exposed to air. Displayed pictures were representative from 3 independent experiments using 4 -5 individual graft samples from each experimental group. phosphorylated (p) ERK1/2 in the air-treated allografts, whereas CO-treated allografts showed reduced Smad3 and p-ERK1/2 at day 90 (Fig. 3B) .
CO decreased macrophage infiltration into the grafts. Infiltrating macrophages have been suggested to secret inflammatory mediators and contribute to fibroinflammatory responses of CAN process. We investigated ED1 ϩ inflammatory macrophages in kidney allografts at day 90. ED1 ϩ macrophages were seen in interstitial tissue and glomeruli of air-treated control grafts. CO treatment significantly inhibited inflammatory macrophage recruitment. In CO-treated grafts, the number of ED1-positive macrophage infiltration was significantly less and limited to the perivascular area (Fig. 4) .
CO inhibited upregulation of inflammatory mediators in grafts. As inflammatory reaction is a critical component of CAN development, we assessed the effects of delayed CO treatment on mRNA levels for inflammation-related mediators and adhesion molecules. Real-time RT-PCR demonstrated that mRNA levels for TNF-␣, IFN-␥, and IL-6 markedly increased by day 60. Air-treated control grafts continued to show high mRNA levels for these molecules at day 90. CO treatment initiated at day 60 significantly downregulated these cytokine mRNA levels at day 90 compared with those before the treatment at day 60, and to those in air-treated allograft at day 90. IL-10 mRNA levels, known to be an anti-inflammatory cytokine, tended to be increased in allografts after KTx; however, there was no significant difference between groups (Fig. 5A) . The expression of adhesion molecule such as ICAM-1 contributes to fibroinflammatory events of CAN development (6) . MCP-1 also plays a role by recruiting monocytes to the injury sites and is known to increase during CAN process (4). Realtime RT-PCR demonstrated that both ICAM-1 and MCP-1 mRNA levels elevated in allografts. CO treatment significantly reduced ICAM-1 and MCP-1 mRNA levels at day 90 compared with those in air-treated control group (Fig. 5A) . In correlation to mRNA levels, serum IFN-␥ protein levels were significantly low in CO-treated recipients (Fig. 5B) .
Different CO inhalation treatment strategies. These data support that delayed low-dose CO treatment initiated on day 60 after KTx can reverse the severity of CAN and improve renal allograft function. To further investigate whether different CO treatment strategies can be effective to prevent/reverse CAN progression, we applied various durations and timings of CO exposure and compared the graft functions at day 90. CO exposure for 30 days starting earlier time points at day 0 (days 0 -30) or day 30 (days 30 -60) dramatically improved CCr and reduced proteinuria, indicating that the initiation of CO treatment before disease establishment effectively prevented CAN development. As expected, CO exposure throughout the experiments significantly inhibited CAN and showed good renal allograft function. The daily brief CO inhalation at 250 ppm for 1 h, a more practical CO inhalation protocol, also significantly improved the allograft functions and offered comparable efficacies to those seen in continuous (20 ppm) CO exposure (Fig. 6) . 
DISCUSSION
The current study demonstrates that delayed treatment with inhaled low-dose CO, started after CAN development, can improve histopathological lesions associated with CAN and restore renal allograft functions. In LEW to BN rat KTx model under a brief tacrolimus immunosuppression, renal allograft functions deteriorated by day 60 with reduced CCr levels and significant urinary protein excretion. Histopathological analysis revealed typical features of CAN in these allografts. Without any treatment, CAN further progressed and all recipients died of renal failure by day 150 with CCr Ͻ20% of normal values and Ͼ300 mg/24 h proteinuria. However, when continuous low-dose CO (20 ppm) was initiated at day 60, CO was able to halt CAN progression, restore renal allograft function, and improve animal survival to 61% at day 150. These results indicate that low-dose CO inhalation could be an effective therapeutic option to treat progressive deterioration of renal allografts with changes of CAN. To further investigate the efficacies of CO during the disease progression, we applied CO treatment at different time points after KTx using the same KTx model. All of 30-day continuous (20 ppm) CO treatments initiated at day 0, day 30, and day 60 resulted in improved renal allograft function at day 90 after KTx. Although earlier initiation of CO treatment tended to result in better renal function, we did not find statistically significant differences in CCr levels or urinary protein amounts among three treatment protocols. Interestingly, the efficacies of 30-day CO inhalation were relevant to those of 90-day CO inhalation with 20 ppm (continuous) or 250 ppm (1 h daily). Thus, CO could be used any time point of CAN to prevent, halt, and reverse the overall process. The study used extremely low-dose (20 ppm) CO, which marginally increased COHb levels to ϳ6% from ϳ2% in air (19, 21) . The dose was chosen to avoid any concern regarding adverse events due to inhaled CO; however, it remains to be determined whether higher doses of CO have a greater control of CAN.
Fibrosis is a central feature of CAN, and activated tissue myofibroblasts and macrophages are believed to be key cellular players of fibrogenesis. Additionally, tubular epithelial cells have been shown to play important roles in CAN process through epithelial-mesenchymal transition, the acquisition by tubular epithelial cells of the phenotypic and functional properties of fibroblasts (24, 32) . These cells promote fibrosis via the secretion of profibrotic cytokines, adhesion molecules, and growth factors. Among them, TGF-␤ has been considered to be a key mediator in the progression of fibrosis by activating fibroblast proliferation and production of matrix proteins such as collagen I, III, IV, and fibronectin (11, 29) , mainly through its downstream signaling molecules Smad2/3 (5, 33). Lowdose CO in this study shows potent antifibrotic actions with significant downregulation of TGF-␤ and Smad3. CO also inhibited ERK-MAPK pathway activation associating with CAN. Several studies show the involvement of MAPK signaling pathways in renal fibrosis, and JNK, p38, and ERKMAPKs can be activated directly by TGF-␤ (1, 13, 34) . Conversely, the phosphorylation of ERK pathways has been shown to directly activate Smads (8) . Thus, the complex interaction among TGF-␤, Smad, and MAPK pathways is involved in renal fibrotic process, and CO appears to induce antifibrotic actions by modulating these pathways.
As interstitial and glomerular inflammation plays an important role in the initiation/progression of renal fibrosis, the downregulation of inflammatory reactions with CO may be one of mechanisms of CO's antifibrotic function in this study. With low-dose CO treatment, kidney allografts showed significantly decreased numbers of inflammatory infiltrates, in particular ED1 ϩ monocyte/macrophage infiltration, which at least in some part was mediated through downregulation with CO of adhesion molecules and chemokines/chemokine receptors, such as MCP-1. CO in this study also notably downregulated various inflammatory cytokines in kidney allografts (e.g., TNF-␣, IFN-␥, and IL-6). Less ED1 ϩ macrophage infiltration might contribute to decreased proinflammatory mRNA levels; however, previous in vitro studies indicate that CO regulates RAW 264.7 macrophage activation due to oxidative stress (14) , and we previously showed that CO is able to downregulate liver resident macrophages (27) . CO also has been shown to inhibit proliferation of human fetal lung fibroblasts (MRC-5) and suppress fibronectin and collagen 1 production via the regulation of p21, and cyclins A and D (35) . These findings suggest that CO might directly modulate macrophages, fibroblasts, activated mesangial cells, and/or endothelial cells to restore renal function.
Several recent studies showed that CO mediates cytoprotection through an induction of HO-1 (9, 12, 25) . In this study, however, endogenous HO-1 upregulation was seen in airtreated control kidney grafts at day 90, whereas CO-treated allografts showed less HO-1 expression (data not shown). The results may indicate that endogenous HO-1 expression associates with renal graft injury, and effective treatments appear to inhibit HO-1 upregulation. Thus, CO in this study does not seem to involve an HO-1-dependent pathway in inhibiting CAN progression.
CAN is a clinicopathological description and often diagnosed after fibrosis is progressed. Due to its nonspecific nature, and the tendency to use the term as a specific disease entity, elimination of the term CAN and its replacement by the more accurate term "interstitial fibrosis and tubular atrophy, no evidence of any specific etiology" has been recommended (26) . Specific disorders that may elicit some of the features of CAN include chronic hypertension, calcineurin toxicity, chronic obstruction, bacterial pyelonephritis, and polyomavirus infection. Although specific therapy in these cases as well as control of common risk factors (e.g., hypertension, hyperglycemia) might slow the disease progression, effective therapeutic strategies to stop the fibrotic process and restore renal function are limited. Further investigation and better understanding of the mechanisms that lead to kidney allograft injury and ultimately CAN will assist to develop effective treatment; however, CO appears to have potent antifibrotic properties to restore renal allograft function. Similar antifibrotic actions of CO and the reversal of pulmonary fibrosis/hypertension in mice have been shown by Zuckerbraun et al. (36) .
In conclusion, the study demonstrates potent anti-inflammatory and antifibrotic effects of CO in the rat model of CAN. Low-dose inhaled CO was able to restore renal allograft function, even when CO treatment was initiated after significant fibrosis and deterioration of renal function were observed. CO reduced inflammatory reactions, inhibited renal fibrosis, and decreased infiltrates, in part through the downregulation of TGF-␤ and Smad pathways, as well as ERK-MAPK pathways. Our data show that CO may be used as a rescue therapy for restoring renal allograft function after CAN establishment, which may be more applicable for clinical patients rather than preventative CO administration before disease onset.
